Theoretical and experimental results for the surface core-level binding energy, BE, shifts, SCLS, for MgO(100) are presented and the anomalous O(1s) SCLS is interpreted in terms of the surface electronic structure. While the Mg(2p) surface BE shifts to a higher value than bulk by E1 eV as expected from the different surface and bulk Madelung potentials, the O(1s) SCLS is almost 0 rather than EÀ1 eV, expected from the Madelung potentials. The distortion of the surface atoms from the spherical symmetry of the bulk Mg and O atoms is examined by a novel theoretical procedure. The anomalous O SCLS is shown to arise from the increase of the effective size of surface O anions.
There have been extensive studies of the surface core-level shifts, SCLS's, for the binding energies, BE's, of metal surfaces and the shifts have been interpreted in terms of differences of the electronic structure and environment of surface and bulk atoms. An early review of SCLS for metal surfaces was made by Egelhoff 1 and the SCLS was also discussed by Bagus et al. 2 There have been a large number of interpretations of the SCLS at metal surfaces proposed ranging from the Born-Haber cycle analysis 3 to a bond-order-length-strength analysis. 4 However, the SCLS of ionic crystals have not been studied previously. In the present work, we show that the SCLS for oxides may be a means of providing new and novel insights into the electronic structure of these systems.
We have examined an ideal ionic insulator, MgO, 2, 5 in order to identify the essential features responsible for the origin of the SCLS of ionic compounds. These features show that the SCLS for oxides can provide important insight into the properties of oxides. If we consider the bulk and surface atoms to be ideal ions, then the SCLS is given by the difference of the Madelung potentials of these atoms. For this electrostatic potential effect, the sign and magnitude of the SCLS for the (100) face of an octahedral oxide follow from the fact a bulk ion has 6 nearest counter ion neighbours while a surface ion has only 5 such neighbours. Thus, the magnitude of the surface Madelung potential will be smaller than the magnitude of the bulk Madelung potential. Since the Madelung potential lowers cation and raises anion core-level BE's, 6 the BE's of a surface cation will be larger than those of a bulk cation, SCLS 4 0, while the BE's of a surface anion will be lower than those of a bulk anion, SCLS o 0. A direct calculation of the Ewald sums gives an Mg SCLS of +0.9 eV and an O SCLS of À0.9 eV. Our theory and our experiments do not show the symmetry predicted from these electrostatic considerations. While we find the expected Mg SCLS of E+1 eV, the O SCLS is E0 rather than EÀ1 eV. We show that the anomalous O SCLS arises from changes of the charge density, r, of surface O anions. In particular, we are able to characterize these changes in terms of changes in the size and distortion from the spherical symmetry of the bulk O anions. This analysis provides important clarification of commonly held views of the spill out of surface anion charge. We provide strong evidence that it is necessary to take account of a pull back of the anion charge below the surface, which may have important implications for the catalytic activity of oxide surfaces and thin films.
In order to establish that our theoretical results correctly described the bulk and surface electronic structure, we used a large number of materials models and computational methods to determine the MgO(100) SCLS. We used several embedded clusters and several slab models to describe the bulk and the (100) surface of MgO. The BE's for these materials models were determined with both Hartree-Fock, HF, Self-Consistent Field methods 7 and with correlated methods capable of determining absolute BE's, with high accuracy. 8 We also used a number of different basis sets to describe the orbitals used in the cluster wavefunctions, WF's, including large basis sets able to give HF limit results. With all reasonably flexible basis sets, we found similar results for the Mg and O SCLS with all models; in all cases, an anomalously small O(1s) SCLS was found. We present results for a representative case with large clusters and large basis sets, as described below and in the ESI. † Our conclusions from the theory would not change if other large computational models were considered. We have used HF wavefunctions since they allow, through the use of Koopmans theorem, KT, to rigorously separate initial and final state effects. The separation of initial and final state effects is less rigorous with other methods. 2 The separation is important since the initial state contributions reflect the difference of the surface and bulk atom environments and charge distributions, while the final state contributions are consequences of the different response, or core-hole screening, of surface and bulk atoms. 2 We restrict ourselves to describing the HF results for two pairs of for the bulk and surface BE's, respectively. The clusters are embedded in Evjen charges 9 to represent the Madelung potential. The logic of the choice of these clusters is that the atoms terminating the cluster are all compact Mg cations rather than polarizable O anions, important because the terminating Mg cations provide a compressional effect on the interior O anions. 10 HF WF's were calculated for the ground states and for O and Mg core-holes on the central atom in the cluster. Details of the clusters, the basis sets, and the calculation of the WF's are given in the ESI. † For O, only O(1s) core-holes are considered since this is the only true O core-level. For Mg, we discuss only the SCLS for the Mg(2p) core-holes since this is the level for which X-ray photoelectron spectroscopy, XPS, measurements were made. However, very similar SCLS's were obtained for the other Mg core-levels. Initially, we consider an ideal unreconstructed MgO(100) surface since the essential physics of the SCLS is already present for an ideal surface. We then consider models for the corrugation of the surface and examine how the corrugation contributes to the SCLS; while this contribution is small, it is not entirely negligible.
As we noted, the different bulk and surface Madelung potentials lead to SCLS's of AE0.9 eV. This is purely an initial state effect since orbital relaxation in the presence of core-holes is not taken into account and, further, it assumes an ideal ionic crystal. For the embedded cluster models, we have determined both initial state, KT, and DSCF BE's. 2 The DSCF BE's are obtained from the difference of variational total energies optimized separately for the initial and final states and include final state relaxation. 2 The Mg(2p) and O(1s) SCLS obtained using the KT and DSCF BE's are given in Table 1 . The KT and DSCF SCLS differ by only E0.1 eV even though the total relaxation energy, 2 E R , is E20 eV for O(1s) and E5 eV for Mg(2p), indicating that initial state effects dominate to determine the SCLS. The differential E R between surface and bulk is +0.13 eV for Mg(2p) indicating a larger E R for the bulk Mg atom, hardly surprising since the bulk atom has more O anion neighbours than a surface atom and, hence, greater relaxation energy. The differential E R is À0.15 eV for O(1s) ionization indicating a larger relaxation for the surface O anion, again hardly surprising since the surface O has more freedom to distort than the constrained bulk atom. 10 The critical point is that the SCLS is close to the expected electrostatic value for the Mg BE but almost 0 for the O BE.
The bulk and surface BE's, measured with un-monochromated Al Ka X-Rays for thick, 30 monolayer, MgO films grown on Mo(100), are shown in Fig. 1 . The Mo substrate allowed us to anneal the MgO film to remove defects and adsorbates. The measurements were made for electron exit angles of 01, or normal exit, which is most bulk sensitive, and 801, or grazing exit, which is most surface sensitive. The experimental data has been fit with Voigt-type functions adjusted to give the best fit to the XPS data. Details of the XPS measurements are given in the ESI. † Our analysis of the XPS data, described in the ESI, † should give the BE's presented in Fig. 1 reliable to the number of figures shown. For the Mg(2p) XPS two peaks, corresponding to surface and bulk ionization, were needed while for the O(1s) XPS, the data could be fit with only a single peak since the surface and bulk peaks could not be resolved. The conclusion from the XPS data is that the Mg SCLS is large, +0.65 eV, and the O(1s) SCLS is too small to be resolved. This is consistent with the theoretical predictions although the measured Mg(2p) SCLS is somewhat smaller than the predicted value from our MgO cluster models. Later, we present evidence that surface corrugation may contribute E0.1 eV to reducing the Mg(2p) SCLS of the perfect MgO(100) surface, thus, reducing the difference between the theoretical and experimental Mg(2p) SCLS. The critical fact is that theory and experiment agree fully that the Mg(2p) SCLS has a magnitude consistent with the different surface and bulk Madelung potentials while the O(1s) SCLS is small, E0.
We consider now, in terms of the MgO electronic structure, the origin of the small O(1s) SCLS. We have conclusively demonstrated that the SCLS's are dominated by initial state effects. Thus, the anomalous SCLS for the O(1s) BE must arise from the change in the charge distribution around the surface O atom. However, it remains to establish the nature of these charge rearrangements. This is done by using the corresponding orbital formalism 11, 12 which allows us to identify the cluster orbital that is most like the orbital of a suitable isolated atomic ion and to quantify the extent to which the atomic orbital is contained, or occupied, in the cluster wavefunction. 13 We analyse how this corresponding orbital is different for a bulk atom and a surface atom. In particular, we examine the centre of charge of the surface orbital along the surface normal, hzi, and the size, or spatial extent, of the surface and bulk orbitals as given by hr 2 i and its components, hx 2 i, hy 2 i, and hz 2 i; the origin for all expectation values is the Mg or O nucleus. Our concern is for the frontier O 2À (2p) and Mg 2+ (2p) orbitals since the s orbitals of the Mg and O ions are largely chemically inert. This conclusion is supported from examination of the s corresponding orbitals. Properties of the bulk and surface Mg(2p) corresponding orbitals are given in Table 2 where values are given for 2p x 2p y and 2p z . The full occupation of the Mg(2p) orbitals in the bulk show that Mg in MgO is very close to an ideal +2 cation. As required by symmetry, the hr 2 i are identical for p x , p y , and p z and the charge of the filled p shell is spherically symmetric. As expected for the compact Mg 2+ , the surface Mg cation has only very small departures from being spherical. This is seen from the small departures of hzi from zero and from the essentially equal values of hr 2 i for all three components of the surface Mg 2p orbital.
The situation is quite different for the O(2p) corresponding orbitals whose properties are given in Table 3 . Here we take the 2p orbital for isolated O À since this is closer to the size of O in MgO as shown by the occupations of these orbitals for the bulk and surface O anions with values of almost 2 electrons for each orbital, Table 3 . The corresponding 2p orbital for the bulk O anion is, by symmetry, spherically symmetric. However, the surface O anion has significant departures from spherical symmetry as well as from the size of the bulk O anion. There is a net motion of the O charge downward below the surface, shown by the hzi. This motion is largest for the O p z orbital which is oriented toward the Mg 2+ cation in the second layer, but there is also a modest hzi o 0 for the O p x and p y orbitals. Overall, there is a pullback of charge below the surface due largely to the missing MgO layer above the surface. Of course, because of the compact environment of the near Mg cations, the pullback cannot be particularly large. The effect of this pull back on the effective size of the O p orbitals is seen from the hr 2 i and hx i 2 i; see Table 3 . There is a slight departure from spherical symmetry with hr 2 i being largest for p z reflecting the greater pull back for p z . However, there is also an increase of the values of hr 2 i for the surface over the bulk atom, probably arising from the pull back of O charge. While the increase in the size of the surface over the bulk O(2p) orbitals is small, it accounts for a shift of the O(1s) core-level to higher BE, which outweighs the contribution of the reduced Madelung potential leading to a zero total O(1s) SCLS. In order to understand how changes in the size of an outermost orbital can affect core-level BE's, we use a simple model developed to explain BE shifts between oxides and metals. 6, 14 We consider the contribution of the electrons in an outer shell, nl, to a core-level BE, BE_contrib(nl), as being the potential at the nucleus of the N electrons in the shell, N(nl), BE_contrib(nl) = Àe 2 Â N(nl) Â h1/ri nl , where h1/ri nl is a good approximation to the exact Coulomb integral between nl and the core orbital since the inner shells are compact. 6, 14 Further approximations are that: h1/ri is close to 1/hri; hri is close to hr 2 i 1/2 ; and we can take hr 2 i for the O 2p of a surface O as the average of hr 2 i for 2p x , 2p y and 2p z of the surface O 2p orbital, Table 3 . These approximations are acceptable because our concern is for a qualitative interpretation of the O(1s) SCLS. Using the values of hr 2 i for the bulk and surface O(2p) orbital, we find that the increase in size of the O(2p) orbital at the MgO(100) surface compared to the bulk would lead to an increase in the surface atom O(1s) BE of +0.7 eV. This increase almost exactly cancels the decrease in the O(1s) BE due to the different Madelung potentials of surface and bulk O anions.
A theoretical study of the extended periodic MgO(100) surface 15 shows that there is a modest corrugation of the MgO(100) surface. To account for the effects of surface rumpling on the SCLS, we modified our cluster model of a perfect (100) surface. We have displaced the central surface ion in the surface clusters along z, the surface normal, and determined the changes in the SCLS, DSCLS, with respect to the SCLS for z = 0, the ideal MgO(100) surface. We find the equilibrium position of the Mg cation is z E À0.06 Å below the surface layer, while the O anion is displaced z E +0.05 Å. These displacements have the same direction as found in the study of Boese and Sauer, 15 albeit with somewhat larger magnitudes for the rumpling. Since the potential curve for displacement of the surface ions is very shallow, it is difficult to precisely determine the extent of the corrugation which may be sensitive to small changes in the computational parameters. The DSCLS given in The theoretical and measured SCLS of the Mg(2p) XPS show that the SCLS is close to the +0.9 eV difference of the bulk and surface Madelung potentials, which is the SCLS that is obtained assuming that MgO is an ideal ionic oxide. On the other hand, the almost 0 SCLS predicted and observed for the O(1s) XPS shows that there must be an effect in the electronic structure of MgO that cancels the À0.9 eV SCLS due to the difference of surface and bulk Madelung potentials at O. Our detailed analysis of the charge distribution, r, of Mg 2+ and O 2À in MgO shows that the surface r(Mg 2+ ) remains spherically symmetric and has about the same size, or spatial extent, as the bulk r(Mg 2+ ). On the other hand, r(O 2À ) at the surface is distorted from the spherical bulk r(O 2À ). There is a pull back of the O charge below the surface toward the Mg 2+ cation directly below the surface O and there is an increase in the size of the surface O(2p) electrons compared to the bulk. While the increase in the size of r for the surface O is small, it is sufficiently large to offset the contribution of the Madelung potentials toward a smaller surface O(1s) BE and to lead to an O(1s) SCLS that is almost 0. We have examined the effect of surface corrugation of MgO(100) on the different SCLS for Mg and O. The key findings are that: (1) the E0 O(1s) SCLS is not changed significantly even for relatively large displacements of the O anion above the surface. And, (2) although the changes of the Mg(2p) SCLS with surface corrugation are somewhat larger than those for the O(1s) corrugation, they are also small compared to the total Mg(2p) SCLS.
Our results indicate that the SCLS of oxides and other ionic crystals should be explored further to determine their use in terms of characterizing the electronic and geometric structures of these surfaces.
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